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Abstract 

We reanalyze the proton decay in the minimal SU(5) SUGRA GUT 
model. Unlike previous analyses, we take into account a Higgsino dressing 
diagram of dimension 5 operator with right-handed matter helds {RRRR 
operator). It is shown that this diagram gives a dominant contribution for 
p —^ K^Vj. over that from LLLL operator, and decay rate of this mode can 
be comparable with that of p —> K^V^ which is dominated by the LLLL 
contribution. It is found that we cannot reduce both the decay rate of p — 
W+W and that of p ^ K~^i7^ simultaneously by adjusting relative phases 
between Yukawa couplings at colored Higgs interactions. Gonstraints on 
the colored Higgs mass Me and a typical squark and slepton mass my 
from Super-Kamiokande limit become considerably stronger due to the 
Higgsino dressing diagram of the RRRR operator: Me > 6.5 x 10^® GeV 
for my < 1 TeV, and 'rnp > 2.5 TeV for Me < 2.5 x 10^® GeV. 


1 Introduction 


The gauge coupling unification around Mx ~ 2 x 10^® GeV |]I| strongly suggests 
the supersymmetric grand unified theory (SUSY GUT) p[. In this model, the gauge 
hierarchy problem is naturally solved by supersymmetry. Also, this model makes 
successful predictions for the charge quantization and the bottom-tau mass ratio. 
Proton decay is one of the direct consequences of grand unification. The main decay 
mode p K^V |^,|[ in the minimal SU(5) supergravity (SUGRA) GUT model 0 has 
been searched for with the underground experiments ||,|^, and the previous results 
have already imposed severe constraints on this model. Recently new results of the 
proton decay search at Super-Kamiokande have been reported The bound on the 
partial lifetime of the K^V mode is r(p —>■ K^v) > 5.5 x 10^^ years (90 % G.L.), where 
three neutrinos are not distinguished. 

There are a number of detailed analyses on the nucleon decay in the minimal 
SU(5) SUGRA GUT model [H,|^,|9HI^. In the previous analyses, it is believed that 
contribution from dimension 5 operator with left-handed matter fields {LLLL oper¬ 
ator) is dominant for p K^V |^. In particular a Higgsino dressing diagram of 
RRRR operator has been ignored in these analyses. It has been concluded that the 
main decay mode is p —> 0, and the decay rate of this mode can be suppressed 

sufficiently by adjusting relative phases between Yukawa couplings at colored Higgs 
interactions 0. Recently it has been pointed out that the Higgsino dressing diagram 
of the RRRR operator gives a significant contribution to p ^ in a large tan (3 

region in the context of a SUSY SO(IO) GUT model |]I^ . 

In this paper, we reanalyze the proton decay including the RRRR operator in 


the minimal SU(5) SUGRA GUT model. We calculate all the dressing diagrams ||I0 


(exchanging the charginos, the neutralinos and the gluino) of the LLLL and RRRR 
operators, taking account of various mixing effects among the SUSY particles, such 
as flavor mixing of quarks and squarks, left-right mixing of squarks and sleptons, and 
gaugino-Higgsino mixing of charginos and neutralinos. For this purpose we diago¬ 
nalize mass matrices numerically to obtain the mixing factors at ‘ino’ vertices and 
the dimension 5 couplings. We examine the effect of the relative phases between the 
Yukawa couplings at the colored Higgs interactions. We show that the Higgsino dress¬ 
ing diagram of the RRRR operator gives a dominant contribution for p K^Vr, and 
the decay rate of this mode can be comparable with that of p —> which is 


1 












dominated by the LLLL contribution. We find that we cannot reduce both the decay 
rate of p —> K^Vr and that of p ^ simultaneously by adjusting the relative 

phases. We obtain constraints on the colored Higgs mass and the typical mass scale 
of squarks and sleptons under the updated Super-Kamiokande bound, and find that 
these constraints are much stronger than that derived from the analysis neglecting 
the RRRR effect. 

This paper is organized as follows. In Section 2, we descibe the dimension 5 oper¬ 
ators in the minimal SU(5) SUGRA GUT and briefly sketch our scheme to calculate 
the proton decay rates. We give a qualitative discussion on the RRRR contribution 
in Section 3. We present results of our numerical calculation and discuss constraints 
on this model in Section 4. Formulas used in the calculation of the nucleon decay 
rates are summarized in Appendix A. 

2 Dimension 5 operators in the minimal SU(5) SUGRA 
GUT 

Nucleon decay in the minimal SU(5) SUGRA GUT model is dominantly caused by 
dimension 5 operators |3, which are generated by the exchange of the colored Higgs 
multiplet. The dimension 5 operators relevant to the nucleon decay are described by 
the following superpotential: 

w, = {ic-f QiQ.Q.L, + . (1) 

Here Q, and are chiral superfields which contain a left-handed quark doublet, 
a charge conjugation of a right-handed up-type quark, and a charge conjugation of a 
right-handed charged lepton, respectively, and are embedded in the 10 representation 
of SU(5). The chiral superfields L and D'^ contain a left-handed lepton doublet and a 
charge conjugation of a right-handed down-type quark, respectively, and are embedded 
in the 5 representation. A mass of the colored Higgs superfields is denoted by Me- 
The indices i,j, k, I = 1,2,3 are generation labels. The first term in Eq. (|ID represents 
LLLL operator which contains only left-handed SU(2) doublets. The second term 
in Eq. (0) represents RRRR operator which contains only right-handed SU(2) singlets. 

The coefficients C^l and C^r in Eq. (|^ are determined by Yukawa coupling matrices 
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im . Approximately these are written as 


{YD)^J{V^PYuV)ku 

{P*V*YD)^,{V^Yu)ku ( 2 ) 

where Yu and Yp are diagonalized Yukawa coupling matrices for 10 ■ 10 ■ bn and 
10 ■ 5 ■ 5 h interactions, respectively. More precise expressions for C^u and C^r are 
given in Appendix A. The unitary matrix V is the CKM matrix at the GUT scale. 
The matrix P = diag(Pi, P 2 , P 3 ) is a diagonal unimodular phase matrix with |Pj| = 1 
and detP = 1. We parametrize P as 

P 1 /P 3 = P 2 /P 3 = (3) 


^ijkl 

5i/ 




y^ijkl 


X 


The parameters 0 i 3 and 023 are relative phases between the Yukawa couplings at the 
colored Higgs interactions, and cannot be removed by held redehnitions [^. The 
expressions for C^u and C^r in Eq. are written in the havor basis where the 
Yukawa coupling matrix for the 10 ■ 5 ■ 5/^ interaction is diagonalized at the GUT 
scale. Numerical values of Yu, Yd and V at the GUT scale are calculated from the 
quark masses and the GKM matrix at the electroweak scale using renormalization 
group equations (RGBs). 

In the minimal SU(5) SUGRA GUT, soft SUSY breaking parameters at the Planck 
scale are described by mg, Mgx and Ax which denote universal scalar mass, universal 
gaugino mass, and universal coefficient of the trilinear scalar couplings, respectively. 
Low energy values of the soft breaking parameters are determined by solving the 
one-loop RGEs |^. The electroweak symmetry is broken radiatively |]^ due to the 
effect of a large Yukawa coupling of the top quark, and we require that the correct 
vacuum expectation values of the Higgs helds at the electroweak scale are reproduced. 
We ignore RGE running effects between the Planck scale and the GUT scale for 
simplicity. In this approximation the phase matrix P decouples from the RGEs of 
the soft SUSY breaking parameters. Thus we have all the values of the parameters at 
the electroweak scale. The masses and the mixings are obtained by diagonalizing the 
mass matrices numerically. We evaluate hadronic matrix elements using the chiral 
Lagrangian method [0. The parameters ctp and jSp dehned by = 

apNu and {0\e^f^^{d1uu)uu\p) = PpNu {Nr is a left-handed proton’s wave function) are 
evaluated as 0.003 GeV^ Y j3p< 0.03 GeV^ and = —^p by various methods [T^. We 
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use the smallest value (3p = —= 0.003 GeV^ in our analysis to obtain conservative 
bounds. For the details of the methods of our analysis, see Ref. Formulas for 

relevant interactions and the nucleon decay rates are given in Appendix A. 


3 RRRR contribution to the proton decay 


The dimension 5 operators consist of two fermions and two bosons. Eliminating 
the two scalar bosons by the gaugino or Higgsino exchange (dressing), we obtain 
the four-fermion interactions which cause the nucleon decay [Ql^]. In the one-loop 
calculations of the dressing diagrams, we include all the dressing diagrams exchanging 
the charginos, the neutralinos and the gluino of the LLLL and RRRR dimension 5 
operators. In addition to the contributions from the dimension 5 operators, we include 
the contributions from dimension 6 operators mediated by the heavy gauge boson and 
the colored Higgs boson. Though the effects of the dimension 6 operators ( 1/Mi) 

are negligibly small for p K~^T7, these could be important for other decay modes 
such as p ^ 71^e~^. The major contribution of the LLLL operator comes from an 
ordinary diagram with wino dressing. The major contribution of the RRRR operator 
arises from a Higgsino dressing diagram depicted in Fig. 2. The circle in this hgure 
represents the complex conjugation of in Eq. with i = j = 1 and k = I = 3. 
This diagram contains the Yukawa couplings of the top quark and the tan lepton. 


Importance of this diagram has already been pointed out in Ref. |T^ in the context 
of a SUSY SO(IO) GUT model. This diagram has been ignored in previous analyses 
in the minimal SU(5) SUSY GUT P,^,|9HT3|, though the contributions from gaugino 
dressing of the RRRR operator were included in Ref. . We show that this diagram 
indeed gives a significant contribution in the case of the minimal SU(5) SUGRA GUT 
model also. 

Before we proceed to present results of our numerical calculations, we give a rough 
estimation for the decay amplitudes for a qualitative understanding of the results. In 
the actual calculations, however, we make full numerical analyses including contribu¬ 
tions from all the dressing diagrams as well as those from dimension six operators. 
We also take account of various effects such as mixings between the SUSY particles. 
Besides the soft breaking parameter dependence arising from the loop calculations, 
relative magnitudes between various contributions can be roughly understood by the 
form of the dimension 5 operator in Eq. (^. Gounting the GKM suppression factors 
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and the Yukawa coupling factors, it is easily shown that the RRRR contribution to 
the four-fermion operators {ujidji){sLh'rL) and {uRSR){dLi'rL) is dominated by a sin¬ 
gle (Higgsino dressing) diagram exchanging Ir (the right-handed scalar top quark) 
and tr (the right-handed scalar tan lepton). For and K^Ve, the RRRR con¬ 

tribution is negligible, since it is impossible to get a large Yukawa coupling of the 
third-generation without small CKM suppression factors in this case. The LLLL con¬ 
tribution to {uLdL){sLh'iL) and {uLSL){dLh'iL) consists of two classes of (wino dressing) 
diagrams; they are cr exchange diagrams and exchange diagrams |^. Neglecting 
all of various subleading effects, we can write the amplitudes (the coefficients of the 
four-fermion operators) for p —> K^Vi as. 


Amp.(p - 

- i^+W) 

~ [-P 2 Ae(Ci) + P3Ae{iR)]RRRR, 


Amp.(p - 

- K+V,) 

~ [P2^tj.{cR) + P3^tj.{iL)]LLLL-, 


Amp.(p - 

- K+Vr ) 

~ [P2At-{Cr) + P3AT-{iR)]RRRR + [PlAT-{iR)]RRRR, 

(4) 


where the subscript LLLL {RRRR) represents the contribution from the LLLL 
{RRRR) operator. We estimate Ai by only the {ud){sv) type contributions here 
for simplicity, ignoring the {us) {dv) type contributions. The LLLL contributions for 
A^. can be written in a rough approximation as At-{cl) glY,Y,V:,V,dV,sM2/{Mcm'^j) 
and At-{J^l) ~ glYtYiy*^VtdVtsM 2 /{Mcm^j, where g 2 is the weak SU(2) gauge cou¬ 
pling, and M 2 is a mass of the wino. A typical mass scale of the squarks and the 
sleptons is denoted by m^. For A^ and A^, we just replace YbV*f^ in the expressions 
for Ar by YsV*^ and YdV*^^ respectively. The RRRR contribution is also evaluated as 
AT{iR) ~ YdY^YrV^bVudVtsp/{Mcm^j:), where p is the supersymmetric Higgsino mass. 
The magnitude of p is determined from the radiative electroweak symmetry breaking 
condition, and satishes \p\ > IM 2 I in the present scenario. 

Relative magnitudes between these contributions are evaluated as follows. The 
magnitude of the cr contribution is comparable with that of the Ir contribution 
for each generation mode: \Ai{cR)\ ~ \Ai{tR)\. Therefore, cancellations between the 
LLLL contributions P 2 Ai{cR) and P^Ai{tR) can occur simultaneously for three modes 
p — K^Vi {i = e, p and r) by adjusting the relative phase 023 between P 2 and 
P 3 [0. The magnitudes of the LLLL contributions satisfy |P 2 A^(cl) + P 3 A^(tL)| 
> \P 2 At-{cr) -|- P 3 AT-{iR)\ > |P 2 Ae(ci) + P 3 Ae(f^/^)| independent of 023- On the other 
hand, the magnitude of AT-{iR) is larger than those of Aj(ci) and Ai{iR), and the 
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phase dependence of PiAT-iin) is different from those of P 2 Ai{cL) and PsAiiiL). Note 
that Ai{cL) and Aiiti) are proportional to ~ l/(sin/9cos/?) = tan/? + 1 /tan/?, while 
A.,-{tfi) is proportional to ~ (tan/? + 1 / tan/3)^, where tan /? is the ratio of the vacuum 
expectation values of the two Higgs bosons. Hence the RRRR contribution is more 
enhanced than the LLLL contributions for large tan (3 JTl . 


4 Numerical results 


Now we present the results of our numerical calculations. For the CKM matrix we 


adopt the standard parametrization and we £x the parameters as Vus = 0.2196, 
Vcb = 0.0395, \VublVcb\ = 0.08 and 5 i 3 = 90° in the whole analysis, where 5 i 3 is a 
complex phase in the CKM matrix. The top quark mass is taken to be 175 GeV [pi[| . 
The colored Higgs mass Me and the heavy gauge boson mass My are assumed as 
Me = My = 2 X 10^® GeV. We require constraint on 6 —> sy branching ratio from 


GLEO |2^ and bounds on SUSY particle masses obtained from direct searches at 
LEP LEP H and Tevatron p^. We also impose condition to avoid color and 
charge breaking vacua which is given in Ref. p^ at the electroweak scale. 

We mainly discuss the main decay mode p —>■ K^V in this paper. We first discuss 
the effects of the phases (f)i^ and 023 parametrizing the matrix P in Eq. (|^). In Fig. ^ 
we present the dependence of the decay rates F(p — K^Vi) on the phase 023- As 
an illustration we £x the other phase 0 i 3 at 210 °, and later we consider the whole 
parameter space of 0 i 3 and 023. The soft SUSY breaking parameters are also hxed 
as mo = 1 TeV, Mgx = 125 GeV and Ax = 0 here. The sign of the Higgsino mass /i 
is taken to be positive. With these parameters, all the masses of the scalar fermions 
other than the lighter t are around 1 TeV, and the mass of the lighter t is about 400 
GeV. The lighter chargino is wino-like with a mass about 100 GeV. This hgure shows 
that there is no region for the total decay rate F(p ^ K'^v) to be strongly suppressed, 
thus the whole region of 023 in Fig. ^ is excluded by the Super-Kamiokande limit. The 
phase dependence of F(p —is quite different from those of F(p — K^V^) and 
F(p —>• K^Ve). Though F(p —^ and F(p ^ K^T^e) are highly suppressed 

around 023 ~ 160°, F(p —^ K^V-r) is not so in this region. There exists also the region 
023 ~ 300° where F(p —^ iP+W) is reduced. In this region, however, F(p ^ K^Vg) 
and F(p ^ iP+w) are not suppressed in turn. Note also that the iP+W mode can 
give the largest contribution. 
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This behavior can be understood as follows. For and Fg, the effect of the RRRR 
operator is negligible, and the cancellation between the LLLL contributions directly 
leads to the suppression of the decay rates. This cancellation indeed occurs around 
023 ~ 160° for both 77^ and Fg simultaneously in Fig. ||. For F,-, the situation is quite 
different. The similar cancellation between P 2 At-{cl) and P^Ar{tL) takes place around 
023 160° for Vt- also. However, the RRRR operator gives a signihcant contribution 

for V-r- Therefore, F(p —> K^V-r) is not suppressed by the cancellation between the 
LLLL contributions in the presence of the large RRRR operator effect. Notice that 
it is possible to reduce F(p —^ K^Vt) by another cancellation between the LLLL 
contributions and the RRRR contribution. This reduction of F(p —^ K^Vr) indeed 
appears around 023 ~ 300° in Fig. |^. The decay rate F(p —^ is rather large 

in this region. The reason is that P 2 Ar{cL) and P^Arlti) are constructive in this 
region in order to cooperate with each other to cancel the large RRRR contribution 
PiA^-itj^, hence P 2 A^{cl) and P^A^itL) are also constructive in this region. Thus we 
cannot reduce both F(p —>• and F(p — K^V^) simultaneously. Consequently, 

there is no region for the total decay rate F(p —> K^v) to be strongly suppressed. In 
the previous analysis [T^ the region 023 ~ 160° has been considered to be allowed by 
the Kamiokande limit r(p —>• K^v) > 1.0 x 10^^ years (90% C.L.) [^. However the 
inclusion of the Higgsino dressing of the RRRR operator excludes this region. In Fig. ^ 
we show a contour plot of the partial lifetime r(p — K^v) in the 013-023 plane. It is 
found that there is no region to make t{p —^ K^v) longer than 0.5 x 10^^ years. This 
implies that we cannot reduce both F(p —>■ K^Vr) and F(p —^ K^V^) simultaneously, 
even if we adjust the two phases 0 i 3 and 023 anywhere. Consequently, the whole 
parameter region in this plane is excluded by the Super-Kamiokande result. 

Next we would like to consider the case where we vary the parameters we have 
hxed so far. The relevant parameters are the colored Higgs mass Me, the soft SUSY 
breaking parameters and tan 0. As for the constants ap and 0p in the hadronic 
matrix elements, we have chosen the smallest value [|^. Hence other choices of these 
constants lead to enhancement of the proton decay rate which corresponds to severer 
constraints on this model. The partial lifetime r(p — K^V) is proportional to Mq 
in a very good approximation, since this mode is dominated by the dimension 5 
operators. Using this fact and the calculated value of r(p —^ K~^V) for the hxed Me 
= 2 X 10^® GeV, we can obtain the lower bound on Mq from the experimental lower 
limit on t{p K^v). In Fig. H, we present the lower bound on Me obtained from the 
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Super-Kamiokande limit as a function of the left-handed scalar up-quark mass 
Masses of the scalar fermions other than the lighter t are almost degenerate with 
The soft breaking parameters mo, Mgx and Ax are scanned within the range of 
0 < mo < 3 TeV, 0 < Mgx < 1 TeV and —5 < Ax < 5, and tan/? is hxed at 2.5. Both 
signs of p are considered. The whole parameter region of the two phases 013 and 023 
is examined. The solid curve in this hgure represents the result with all the LLLL 
and RRRR contributions. It is shown that the lower bound on Mq decreases like ~ 
l/rriu^ as rriu^ increases. This indicates that the RRRR effect is indeed relevant, since 
the decay amplitude from the RRRR operator is roughly proportional to n/i^Mcm?^) 
~ l/{McTnj), where we use the fact that the magnitude of p is determined from 
the radiative electroweak symmetry breaking condition and scales like p ~ m^. The 
dashed curve in Fig. ^ represents the result in the case where we ignore the RRRR 
effect. In this case the lower bound on Me behaves as ~ l/m|^, since the LLLL 
contribution is proportional to M 2 / 

It is found from the solid curve in Fig. ^ that the colored Higgs mass Me must be 
larger than 6.5 x 10^® GeV for tan (3 = 2.5 when the typical sfermion mass is less than 
1 TeV. On the other hand, it has been pointed out that there exists an upper bound 
on Me given by Me < 2.5 x 10^® GeV (90% G.L.) if we require the gauge coupling 
uniheation in the minimal contents of GUT superhelds [T^. This upper bound is 
smaller than the lower bound derived from our proton decay analysis. Therefore it 
turns out that the minimal SU(5) SUGRA GUT model with the sfermion masses 
less than 1 TeV is excluded for tan/3 = 2.5. Note that the inclusion of the RRRR 
effect is essential here. If we ignored the RRRR effect, we could hnd allowed region 
around 1.2 x 10^® GeV ^ Me ^ 2.5 x 10^® GeV. We can also see from Fig. || that 
the typical sfermion mass mj must be larger than about 2.5 TeV when Me is less 
than 2.5 x 10^® GeV in the tan/3 = 2.5 case. The RRRR effect plays an essential 
role again, since the lower bound on would be 700 GeV if the RRRR effect were 
ignored. We also hnd that the Kamiokande limit on the neutron partial lifetime 
T{n —>• K^V) > 0.86 X 10^^ years (90% G.L.) |P] already gives a comparable bound 
with that derived here from the Super-Kamiokande limit on r(p —>■ K^V), as shown 
by the dash-dotted curve in Fig. If the Super-Kamiokande updates the neutron 
limit from the Kamiokande, for example, by factor 5, then the lower bound on Me 
will become ^/5 times larger than that derived from the Kamiokande limit. 

Let us discuss the tan/3 dependence. Fig. |] shows the lower bound on the colored 



Higgs mass Me obtained from the Super-Kamiokande limit as a function of tan (3. 
Here we vary mo, Mgx, Ax and sign(/r) as in Fig. H. The phases ^13 and ^23 are hxed 
as 013 = 210° and 023 = 150°. The result does not change much even if we take other 
values of 0 i 3 and 023. The region below the solid curve is excluded if m^^ is less than 
1 TeV. The lower bound reduces to the dashed curve if we allow m^^ up to 3 TeV. 
It is shown that the lower bound on Mq behaves as ~ tan^ 0 in a large tan 0 region, 
as expected from the fact that the amplitude of p —> K^V-r from the RRRR operator 
is roughly proportional to ~ ta.v? j3/Me- On the other hand the LLLL contribution 
is proportional to ~ ta.n (3/Me, as shown by the dotted curve in Fig. |. Thus the 
RRRR operator is dominant for large tan0 Note that the lower bound on Me 
has the minimum at tan0 2.5. Thus we can conclude that for other value of tan0 
the constraints on Me and rrij become severer than those shown in Fig. ^ 

Finally, we comment on the other decay modes. For p —>■ we obtain a similar 

result with that for the p K^V mode: the third-generation mode p —>■ tt+z/,- is 
dominated by the RRRR effect, while the RRRR effect is negligible for the hrst and 
the second generation modes. Let us dehne rj = F(p — 'K^Vi)/T{p K^Vi) for i = 
e, fi and r. We see that > 1 is realized in a part of the 013-023 parameter region 
where p mode is suppressed due to the cancellation between the LLLL 

contributions. This result is consistent with that given in the previous analysis [0. 
As for the W mode, r,- > 1 is also possible in a different region where F(p — K^V^-) is 
reduced. Consequently the ratio r = F(p —>• F(p —>• iF+Pj)} is smaller 

than 1 in the whole region of the 013-023 space. Moreover it has been reported that 
the lattice calculation of the hadronic matrix elements gives a smaller value of the 
ratio {7i\Op\p)/{K\Op\p) than the chiral Lagrangian estimation, where Op denotes 
the baryon number violating operators. Hence it follows that the ratio r is expected 
to be smaller when we use the lattice result for the hadronic matrix element. For the 
charged lepton mode p —>• (M = K^, 71 ^, 1 ] and i = e,p), effect of the RRRR 

operator is quite small, since we cannot have the tan lepton in the hnal state. 


5 Conclusions 

We have reanalyzed the proton decay including the RRRR dimension 5 operator 
in the minimal SU(5) SUGRA GUT model. We have shown that the Higgsino dressing 
diagram of the RRRR operator gives a dominant contribution for p K^V^, and 
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the decay rate of this mode can be comparable with that of p — K^V^. We have 
found that we cannot reduce both the decay rate of p —> and that of p —> 

simultaneously by adjusting the relative phases 0i3 and 023 between the Yukawa 
couplings at the colored Higgs interactions. We have obtained the bounds on the 
colored Higgs mass Me and the typical sfermion mass irtj from the new limit on 
t{p —>■ K^V) given by the Super-Kamiokande. The colored Higgs mass Me must be 
larger than 6.5 x 10^® GeV when my is less than 1 TeV. The typical sfermion mass 
my must be larger than 2.5 TeV when Me is less than 2.5 x 10^® GeV. 
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Appendix A Formulas for the calculation of the 

nucleon decay 


In this appendix, we summarize the formulas used in the calculation of the partial 
decay widths of the nucleon in the minimal SU(5) SUGRA GUT in order to clarify 
our notations and conventions. In the subsection |A.1| , generic formulas for the MSSM 
are summarized. The formulas specihe to the calculation of the nucleon decay are 
given in the subsection |A.2. 


A.l MSSM part 

A.1.1 Superpotential 

Yukawa couplings of the Higgs doublets and matter helds and the supersymmetric 
Higgs mass terms are given in the superpotential for the MSSM which is written as 

IVmssm = 

= fi + QiD-Hf] + /g (Q“C/|ffS - Qi^H*) 
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+/? - EtL-H^) + II {H°H° + H^H}) 


(A. 1.1) 


where i,j and a, (3 are generation and SU(2) suffices, respectively. Color indices are 
suppressed for simplicity. Components of the SU(2) doublets are denoted as 





Lia 


( Et L- ) 


= ( Hi ) , 



(A.1.2) 


We take the generation basis for the superhelds so that the Yukawa coupling matrices 
(equivalently the mass matrices) for the up-type quarks [fu) and the leptons (/l) 
should be diagonal (with real positive diagonal elements) at the electroweak scale. In 
this basis, the Yukawa coupling matrix for the down-type quarks fn is written as 


fni'rnz) — Ckm/d , 


(A.1.3) 


where fn is diagonal (real positive) and Vkm is the CKM matrix. We take the PDG’s 
“standard” phase convention for Vkm [10|. The SUSY Higgs mass parameter p is taken 
as real in order to automatically avoid a too-large electric dipole moments (EDMs) of 
the neutron and the electron. The sign of fi is taken as a free “parameter”. 


A.1.2 Soft SUSY breaking terms 


Soft SUSY breaking terms of the MSSM are given as 


-C 


soft 


+ ^1^1 hia + ^ 2 ^ 20^2 ~ {Bfihiah 2 -|- H. C. ) 


ffi + AY^djhia + Aie°^^eiljahi 0 -|- H. c. ^ 

+ H.c.^ . (A.1.4) 

where q, d, u, e, I, hi and h 2 are scalar components of Q, L, Hi and 1 ^ 2 , 

respectively, and G, W and B are SU(3), SU(2) and U(l) gaugino helds, respectively. 
The gaugino masses Mi, M 2 and M 3 are taken as real positive. 


V 2 


-BB + 


-14/14/ + 


11 




In the minimal SUGRA GUT model, the soft SUSY breaking parameters at the 
GUT scale Mx are written in terms of the universal soft SUSY breaking parameters mo 
(universal scalar mass), Mgx (unihed gaugino mass), and Ax (dimensionless universal 
trilinear coupling parameter): 


m|(Mx) 

= ml{Mx) = 

ml){Mx) 

= mil , 

(A.l.Sa) 

m\{Mx) 

= m%{Mx) = 

mil , 


(A.l.Sb) 

A\{Mx) 

= Al{Mx) = 

ml , 


(A.l.Sc) 

Mi{Mx) 

= M^iMx) = 

Ms{Mx) 

= MgX , 

(A.l.Sd) 

Au{Mx) 

= Axmofu , 

Ad{Mx) 

= Axmofo , 

(A.l.Se) 

Al{Mx) 

= AxmofL , 



(A.l.Sf) 


where 1 is a 3 x 3 unit matrix in the generation space. We take Ax as real (with 
either sign) to avoid large EDMs. 


A. 1.3 Mass matrices 


Mass matrices for squarks and sleptons are given as follows. 


• up-type squark: 



rriRLiu) 

• down-type squark: 

a 




mlR{u) \ 
rriRRiu) ) ’ 


+ ml + mlc2i3 Q - 1 , 

+ ml + m|c2/3 1 > 


l^*fuvcfs + Auvsp , 

( ml^id) \ 

V ^RLid) m\^{d) ) 


(A.1.6a) 


(A.l.eb) 


(A.1.6c) 

(A.l.ed) 

(A.1.6e) 


(A.1.7a) 
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mldd) 

= v^clf^fh + ml + m|c2/3 (“^ + 1 > 

(A.1.7b) 


= + m]j + m%C20 1 > 

(A.1.7c) 

'^‘iRid) 

= iJ,*fDVSp + Anvc/B , 

(A.1.7d) 

mldd) 

= m^R^d) , 

(A.1.7e) 


• charged slepton: 

Ml 

^‘rl (0 

• sneutrino: 

+ (A.1.9a) 

where cp = cos/3 > 0, S /3 = sin/? > 0, C 2/3 = cos2/3, svc = sin 6 *vK and = (/ii)^ + (h 2 )^ 
(n 174 GeV). The above mass matrices are diagonalized with use of 6 x 6 unitary 
matrices Uu, Ud and 7/^, and a 3 x 3 unitary matrix which are dehned as 


UvMfUh 

= diagonal (m~^) , 

(A.l.lOa) 

UoMfUl 

= diagonal (m~ ) , 

(A.l.lOb) 

UlMfUL 

= diagonal (m~ ) , 

(A.l.lOc) 

U'^MiUw 

= diagonal (m~) , 

(A.l.lOd) 


where stands for the transpose. 


( rnlLil) mljiil) \ 

\ "^k(0 "^rr(0 J 


(A.l.Sa) 

v^4flfL + ml + m|c2/3 ( 

-^ + 4 ) 1 , 

(A.l.Sb) 

'v'^clfLfl + m\ + m|c2/3 ( 

[sw) 1 , 

(A.l.Sc) 

flVS/S + AlVC^ , 


(A.l.Sd) 

ml^RiO , 


(A.l.Se) 
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Mass matrices for charginos {Aic) and neutralinos (Af at) are given as follows. 


Me = 1 

^ M 2 

^ -y/2mwcg 

\/2mwSp \ 

-p j 

7 


(A.l.lla) 


f -Ml 

0 

—mzswcp 

mzswsg \ 


Mn = 

0 

—mzSwCff 

-M 2 

mzCwcp 

mzCwCfs 

0 

—mzCw-Sfs 

p 

. (A.l.llb) 


\ tnzswsp 

—mzCwSp 

p 

0 J 



Aic aiid A4n are diagonalized with 2x2 unitary matrices U± and a 4 x 4 unitary 
matrix Un, respectively, which are defined as 

- UiMcU+ = diagonal(M^) , (A. 1.12a) 

U^MnUn = diagonal(M^) , (A.1.12b) 

where all mass eigenvalues Mq {a = 1,2) and {a = 1,2, 3,4) are taken as real 
positive. 


A. 1.4 Interaction Lagrangian in mass basis 

The quark (lepton) - squark (slepton) - ino (gluino, chargino, neutralino) interaction 
terms are given as follows. 


-^int — Ant(G^) + Ant(x^) + Ant(X°) ) 
/:int(G) = -iV2g3d* 


>Cint(X^) = 92X~a 


(rj 



L+( 

r 

1_1 

L+( 

^p(“) 1 

. GRJ 

\aj 

), L + 

f -p('i) 

\ 

), r] 

\aj 

)/ ^ + 

/ piti) 


)”T + 

' i 

( 

V 

. R 

' i 


*i 


+ 92 X 0 
+ 92 X 0 

+J2x:(rg)7w*' + H.c, , 


djU 


Ujd*^ 




(A.1.13b) 
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£in.(x") = 92 xS- [(ra)7 L + (rSJi,)7 r] 

+92x1 [(rSi)® L + (rSyf r] u,u” 

+92xS- [(rjy^ L + r] V’’ 

+92xS-(r!^i)f L-';,P" + H.c. , (A.1.13C) 

where L = |(1 — 75 ) and R = |(l + 75 ), g 2 and are SU(2) and SU(3) gauge coupling 
constants, respectively. Here and hereafter, G, uj, dj, Ij, z/j, Wj, di, k and 

z/j denote gluino, chargino, neutralino, up-type squark, down-type squark, charged 
slepton, sneutrino, up-type quark, down-type quark, charged lepton and neutrino 
helds in mass basis, respectively. Ranges of the suffices are I = 1, 2, • • •, 6 (squarks 
and charged sleptons), i,j,/c = 1,2,3 (quarks, leptons and sneutrinos), o; = 1,2 
(charginos) and a = 1, 2, 3,4 (neutralinos). Mixing factors at each vertex are written 
in terms of the mass-diagonalizing matrices Uu, Ud, Ul, Un, U± and Un as follows. 

• gluino: 

(rS)! = y (f/o) hrKM)/ , (A.l,14a) 

k=l 

(rgf): = (&dr . 

(rS)( = {Uv)’, . (A.l.Mc) 

(rS): = . (A.i.i4d) 

• chargino: 

(rS)7 = 

k=l I 

+ (rKM)t^ . (A.l,15a) 

(h4)7 = -£(^9)/(rKM7 . (A.i.isb) 

^ k=i ^ V2mwCf3 
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aj 

I 




aj 

I 




id) 


k=l 


(Uo) 


j m 


(u) 




^ \/2mwS(3 ^ 

(f/1,)/((7+)i“ , 


-/2 ’ 


+^^{u]\ '"Vc/i) 

y/2mwCi3 ' I ^ ^ 


• neutralino: 



aj 

I 



aj 

I 



aj 

I 



aj 

I 


V2 


+ 2 ~ Q^w {Un)i 


-\ 3 


en/o 


-■ k=l 


(u„); (uo) 

V2mwCi3 ^ ^ 


j+3 


V2 


^tw {Ul)^] {Ud) 


j+3 




k > 


+2 


2 ++2^ - -^hv {Um)^ 


N, 


(t/K)*” (Uu) 

ylmy/Sp ^ ^ 


j+3 


+2 


+|*H. (C/;) J1 (C/c;) 


i+3 


, (A.l.lSc) 

(A.l.lSd) 

(A.l.lSe) 

(A.l.lSf) 

(A.l.lSg) 

KM)fc^ 

(A.l.lGa) 

(A.l.ieb) 

(A.l.lGc) 
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(A.l.ied) 



aj 

I 



aj 

I 


m 


(u) 


\/2mwSfs 

72 




2 + 2^^' {^N)j 


{i’D. 


m 


(0 


72. 


mwcp 


(Un),"" (Ut) 


J+3 


72 


-f,v (C/J,)d (f/t) 


J+3 




(A.l.lGe) 


(A.l.ief) 


7 


= 72 


'2 (^Af)i° 




(A.i.ieg) 


where tw = tan6*v^^ and rrif^ and rnf'^ are masses (real positive) of up-type 

quarks, down-type quarks and charged leptons, respectively. 


A.2 Formulas specific to the nucleon decay 

A.2.1 Dimension five operators 


Dimension hve operators relevant to the nucleon decay are described by the following 
superpotential: 


W, = 


M, 


c 




liQTQfQTLn + c. 


ijkl abc rpcjTC jjc 




-EtU^UlD% 


,(A.2.1) 


where the suffices a, 6, c are color indices. The coefficients C^l and C^r are given at 
the GUT scale in terms of the Yukawa coupling matrices: 


GjtiMx) = fD(Mx){y„L)H'ir(Mx){Vj 2 v)j, (A.2.2a) 

CjJ^Mx) = f'SJMx)(VQu)J,fS‘(Mx)(VQE)J , (A,2,2b) 


where Vqu, Vqe and Vdl are 3x3 unitary matrices which parametrize the differences 
between generation bases of the MSSM superhelds embedded in SU(5) superhelds 
'1/(10) and <h(5); he., the MSSM multiplets are accomodated into 'k and <h as 

4'. ^ {Qi . (VQuh+i , (VQE)jEi) , (A.2.3a) 
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ii ^ {Dt . (Vol)^^} . 

(A.2.3b) 

Vqu, Vqe and Vel are determined by the unitary matrices which diagonalize the 
Yukawa coupling matrices at Mx, and the phase matrix P: 

Vqu = ui^^^P^Uu, 

(A.2.4a) 

Vqe = U^q^^Ue, 

(A.2.4b) 

Vdl = U^Ul , 

(A.2.4c) 

where the Yukawa coupling matrices are diagonalized with f/’s as 


UY !u(Mx)Ul = Yu, 

(A.2.5a) 

uYfD{Mx)Ul, = Yo, 

(A.2.5b) 

UifL{Mx)Ul = Yu, 

(A.2.5c) 


Yu, Yd and Yu are diagonal matrices with real positive diagonal elements. The CKM 
matrix at the GUT scale V = Vkm{Mx) is also written in terms of t/’s as 


U = 




(A.2.6) 


In the present genaration basis described in Sec. |A.1.1| , Uq \ Uu, Ud ^ U^ 
and Ue = Uu = 1. Consequently, 


rid) 

Q 


wt 

'^KM 


Vqu ~ , Vqe ^ Vkm ^ V , Udl ^ 1 , (A.2.7) 


The expressions for C^l,r in Eq. are obtained from Eq. (A.2.2) in this approxima¬ 
tion. 

In the component form, the dimension five operators at the electroweak scale are 
written as 

+C{uddvL)^^^^ul,^E{di,yLj) + C{dduVL)^^^^\d%^N{<,^Lj) 
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+C(d5i,di)«‘4fP,(4,4,) + C(5Pddi)«“i5;P_;(4,4,)} (A.2.8) 
where the suffices L, i? of the quark/lepton fields denote the chirality. The coefficients 


Cs are written in terms of as follows. 

C(H4ii)*"'« = (cji,“-cg“)(c/;,) "(c/i)^" , (A.2.9a) 

C(HSai)*“« = (eg'"* - qi*™) (4',) " (^i)/• 4.2.9b) 

C(54iH)*™' = - 4®‘) (4,) (4) , (A.2.9C) 

C(55<iiR)*“« = ’ 4.2.9d) 

C{nddi,,)'"^'i = (44“-4?™)(4) "(&i),"(nM)4 (A.2.9e) 

= (eg;* - c‘f) (4) " (4)/, (A.2.9f) 

C(S?i«ii)''"=' = (eg” - 4r) (4) / (4)/ (Vkm).( , (A,2,9g) 

Odtetii)'"' = (cg“ - eg •) (4)/ (4)/ , (A.2.9h) 

= (4g' - Cg‘) (4)_(^ , (A,2,9i) 

= (4g‘’-4g')K).'3(4),^3 , (A.2.9j) 

C(4«.<ii)'A' = (cg‘”-4”g-)(4)/(4)J(VKM)4 (A.2.9k) 


c(5Pddi)«“ = (4g-''-4T’)(4)/(t;4J(VKM)p‘(VKM),‘ . (A. 2 . 91 ) 

Csi, and Csr at the electroweak scale are evaluated by solving the renormalization 
group equations 

(te)^ATcg' = (^-84 - 64 - jg) eg' 
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+CS?“ (/dA + + C‘r“ (A/l)^ 

+C£”' (/dA + /(/A)‘„ + Cf” (/dA + /(,A)'!A.?.10a) 

= (-89,^ - 4 ;,?) A?' 

+AA“ (2 fufv)^ + AS“ (2 Afo) j 

+c«;’‘' (2 /iA)‘„ + A?” (2 A/c/),' . (A. 2 .iob) 

where A is the renormalization point. 

A.2.2 Effective interactions 

After the calculation of the one-loop (gluino-, chargino- and neutralino-) dressing 
diagrams, effective four-fermi interaction terms relevant to the nucleon decay are 
obtained as follows. 

ip = +C'„L(«<ia/)‘‘('44)(«i'u) 

+CLR{uduiy'^{uid!lj){u^j^lRk) + CRR{uduiy’^{u'yd!yy){uyiRk) 
+CLL{udduy^\uidl){d%ULk) + CRL{udduy^\u%diy{d%ULk) 

, (A.2.11) 


CLLiuduiy^ 

CLL{uduiy§ 

CLL{udul)^± 


CLLiuduiy^o 


CLL{uduiy§ + CLiiuduiy^^ + CLLiuduiy^o , 


4 gl 


3M 


G 


(A.2.12a) 

c{uduh)«”^’‘ (rA) I, (r'Jl)l h(4„ x°) , (A.2.i2b) 


gj 

MS 


-Ciuduhr^^^ 


32 

MS 


+c(<il;«.di)'"““(rA)“ (rgy” //(A. A) 

c(aA/ jmkip (pw(p^ay® 


(A.2.12c) 
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+C(sr«.di)""“ (rjy”‘//(«i, 2 S)](A. 2 .i 2 d) 

CRL^uduiy'^ = cf^iuduiy'^ 

+CRL{udul)^ + CRL{udul)% + CRLiudul)^, , (A.2.13a) 

C^dnduRi = |^C(e&id""“(rS)",(r!,l)’^i/(4.4) .(A,2,13b) 

CnRudniy;;^ = -^C'(a<ft./i)""“(r4)”‘(ra)“4(i^,«.x) ,(a.2.i3c) 

c„Rnduiyy« = ^ [c(Bd«7i)""“ (r^)® (r«)®//(«J„yj) 

+c(swh)""“ (rl;!)” (r4)'4«„4)](A.2.i3d) 

CLRiuduiy’^ = cyiiuduiy'^ 

+CLLiuduiy§ + CLL{uduiyy± + CLiiuduiy^o , (A.2.14a) 

CMuduiyi = (rS)!^ H{u°„ 4) , (A.2,14b) 

G 

CLB(uduiyy^ = ^ (r«)“' (r“)”‘ «.j) 

c 

+c(dPudL)''"‘" (r4)“‘ (rgy“4«,o](A.2.i4c) 
CLn(uduiyy, = ^[c(5*iR)"''“(r4)”(ra)®i7(4,j/5) 

+c(sr«.<ii)"''“ (r“)” (r4)®//«,4)](A.2.i4d) 

CsRiuduiy’'- = CRR(udul4 + CRR(uduiyy±+CRR{udul4 , (A.2.15a) 

= |^C'(5dt.iH)*"'“(rg“g)J^^(rg],))^//(4.4) ,(A.2.15b) 
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Cgaiuduiy^, = -^C(5«H)"'''‘’(rW)”‘(ra)“’i/(a:S:„«X) |A.2.15 c) 

c 

Cgg(uduir} = 

+c(erw„)"''“ (rW)” (ri;>«)®//(«“, 4)|A.2.i5d) 

CLLiudduyi'' + CLL{uddv)yt + CLL{uddv)yy , (A.2.16a) 

I'm: (rS)!, (rgl)j,d?(4.4) 

G 

(rS)'„ (rg>,)'^//(i£,,ig)|A,2.i6b) 

4. (rS)" (rS)“ «K„ O 

c 

+c(5r«.di)""“ (rS)”^ (ra)7 >"«)] (A-2.16C) 

^ [c(eddi/i)""^'= (rS)” (ra)®i/(«f„9”) 

+C(ddwi)''™''= (ra)” (rM)®ff(9”,»“) 

+c(BP<idi)""A (rijy® '<)] (A.2.i6d) 

+CRL{uddvy^ + CRL{uddv)y± + CRL{uddv)yy , (A.2.17a) 

(rg>,);i/(4,xS) ,(A.2.17b) 

G 


CRLiuddpy^'^ = 

CRL{uddvy^ = 


CLliuddvf^ = 
CiLiuddvy^ = 

CiLiuddvyyt = 

CiLiudduyyy = 
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CRL{udduy^± 


92 " 


Ml 


c 




+c{uiudRr^^^ (rgi)^ H{x-^,w%) 


(A.2.17c) 


CRLiudduyy = 




CRLiddu^r^ = CRL{dduv)f + CRL{dduvyy, 


CRLidduu] 


ijk _ 

4 gl 

G 

3Mq 


^2 

ijk 

X° “ 

92 ^ 

My 


(A.2.18a) 

(rgy^ (rg>,)'^ j/(4, iS)(^,2,i8b) 
(rw)® (r“)® ff(j/f„!/5) ,(A.2.i8c) 


Here, CrI ^r are contributions from dimension six operators, whose magnitudes are 
quite small compared to the dimension hve contributions for B —>■ Mv decay modes 
{B = p or n, M = K, 71 or 7]). Notice that C{uudlL^R) and C{dluuL,R) in (|A.2.8|) do 
not contribute to the nucleon decay amplitude. The function H is dehned as 



H{x,y) = 

1 

a; log a; 

y\ogy 


(A.2.19) 


x-y\ 

a; — 1 


1 ’ 

and the arguments of H are ratios 

of SUSY particles’ masses (squared): 

^G _ 
•I'M — 

9 

G _ 

Mi ’ ^ 

G 

2 

m~ 

um 

Mi ’ 

G 




(A.2.20a) 

■I'M — 

2 

mA 

“M a _ 

Mf ’ " 

2 

m~ 

d.M 

Mg2 ’ 

— 

9 

mA 

Mf ’ 

= 

9 

mA 

4*2 .(A.2.20b) 

Vm = 

mA 

“M a _ 

M“2 ’ 

2 

m~ 

dM 

’ 

2'^ — 

2 

mA 

Im 

Myy ’ 

< = 

9 

mA 

. (A.2.20c) 

A.2.3 Nucleon 

partial decay widths 






The effective quark Lagrangian (|A.2.11| ) is converted to an effective hadronic La- 
grangian with use of the chiral Lagrangian technique (perturbative QCD corrections 
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between the electroweak scale and ~ 1 GeV scale are also taken into account), then 
partial decay widths of the nucleon are calculated as 


V{B, ^ M,h) 



(A.2.21) 


where the lepton mass is neglected only for the kinematics. The expressions for 
are listed in Table ^ 
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Figure 1: Higgsino dressing diagram which gives a dominant contribution to the 
p K~^Vr mode. The circle represents the RRRR dimension 5 operator. We also 
have a similar diagram for {uRSR){dLVTL)- 
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r( p ^ K-" V ) [ (10^^ yr) 


10 ^ 


10 ° 


lO’’' 


10 '^ 
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(|)23 [degree] 

Figure 2: Decay rates r(p — K^Vi) (i = e, /r and r) as functions of the phase 023 
for tan/? = 2.5. The other phase 0i3 is hxed at 210°. The CKM phase is taken 
as (5 i 3 = 90°. We £x the soft SUSY breaking parameters as mo = 1 TeV, Mgx = 

125 GeV and Ax = 0. The sign of the supersymmetric Higgsino mass fi is taken to 
be positive. The colored Higgs mass Me and the heavy gauge boson mass My are 
assumed as Me = My = 2 x 10^® GeV. The horizontal lower line corresponds to the 
Super-Kamiokande limit r(p — K^V) > 5.5 x 10^^ years, and the horizontal upper 
line corresponds to the Kamiokande limit r(p — K^V) > 1.0 x 10^^ years. 
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Figure 3: Contour plot for the partial lifetime r(p —^ K^v) in the 013-023 plane. The 
contributions of three modes K^Ue, and K^Vr are included. We use the same 

parameters as that in Fig. The maximum value of the contour is less than 0.5 x 10^^ 
years. 
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Figure 4: Lower bound on the colored Higgs mass Me as a function of the left- 
handed scalar up-quark mass rriu^. The soft breaking parameters mo, Mgx and Ax 
are scanned within the range of 0 < mo < 3 TeV, 0 < Mgx < 1 TeV and —5 < Ax < 5, 
and tan/? is fixed at 2.5. Both signs of fi are considered. The whole parameter region 
of the two phases 0i3 and 023 is examined. The solid curve represents the bound 
derived from the Super-Kamiokande limit r(p — K^v) > 5.5 x 10^^ years, and the 
dashed curve represents the corresponding result without the RRRR effect. Left- 
hand side of the vertical dotted line is excluded by other experimental constraints. 

The dash-dotted curve represents the bound derived from the Kamiokande limit on 
the neutron partial lifetime r(n — K^V) > 0.86 x 10^^ years. 
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Figure 5: The lower bound on the colored Higgs mass Me obtained from the Super- 
Kamiokande limit as a function of tan/?. The phase matrix P is hxed by 013 = 210° 
and 023 = 150°. The region below the solid curve is excluded if the left-handed scalar 
up-quark mass niu^ is less than 1 TeV. The lower bound reduces to the dashed curve 
if we allow rriu^ up to 3 TeV. The result in the case where we ignore the RRRR effect 
is shown by the dotted curve for rriu^ < 1 TeV. 
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B. 


M, 


A ijk A 

1 

P 

It 

7r° 

L 

R 

U^ + F + D) 
-^,(l + F + D) 

apCRL{udulY^ + YpChhiudulY^ 

otpCLR{udulY^ + YpCRR{udulY^ 


rf 

L 

R 

^(-i + F-\D) apCRL{udulf'^ + ^(1 + F-\D) (3^0LL{udulf’^ 

-Vl(-| + F-\D) apCLR^udulf'^ - ^(1 + F-\D) PpCRR^uduiy^ 


L 

R 

(-1 + ^(^ - F)) apCRL{udulf^ + (l + - D)) (3^CLL{udulf^ 

- (-1 + ^(^ - F)) a,CBR{udulf^ - (l + ^{F - D)) ^^CRRiudulf^ 

Vk 


L 

{1 + F + D) UpCRL{uddi>Y^^ + (3pCLL{uddh>Y^^ 


K+ 

L 

(l - ^(F - \D)) apCRLidduuY^^ + (l + ^(F + p)) apCRL{udduY^>^ 

+ (^|f) apCRLiudduf^’^ + (l + ^(F + ID)) PpCLLiuddu)^^^ 

+ {ZP)YpCBB{uddu)^^^ 

n 

Ik 

7r“ 

L 

R 

(1 + F + D) apCRL{udulY^ + YpCLiiudul)^’^ 

— (1 + F + F) apCLR{udulY^ + PpCRR{udul)^^ 


Vk 

7r° 

L 

-j,(l + F + D) 

apCRL{uddiy)^^^ + YpCLiiuddvY^^ 

rf 

L 

+ F - iF) apCRLiuddu)^^'^ + ^(1 + F - 4F) YpCLL{uddu)^^^ 


L 

(-^1^) (^pCRL{dduu)^^^ + (l + f^(F + \D)) apCRL{uddu)^^^ 

+ (-1 + ^(^ - \F)) apCRLiuddu)^^’^ + (l + ^(F + |F)) YpCLkiuddiy)^^’^ 
+ (l + ^(F - iF)) PpCLLiuddu)^^’^ 


Table 1: 


rriN 




in ( A.2.211) for each nucleon decay mode, m^r is the nucleon mass 
rrin and rriB' is an averaged baryon mass rriB' ^ ms ttia. F ^ 0.48 
and D ^ 0.76 are coupling constants for the interaction between baryons and mesons 

mm. 
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